We analyze the electronic properties of boron nitride oxide (BNO) sheets using the density functional theory within the local density approximation, in a similar form as reported by Sota et al., [Diamond Relat. Mater. 17, 826 (2008)]. The BNO sheets with the chemical composition of B 27 N 27 H 18 +O, are represented by the circular arm-chair model.
Introduction
Current technological advances have made possible the preparation of hexagonal boron nitride sheets [1] in a similar fashion as graphene, which opens the possibility to built new optoelectronic devices. Boron nitride nanotubes have been recently constructed to be used in the fabrication of DVD's with high storage capacity [2] . Nevertheless exist some theoretical and experimental works that deal with boron nitride nanostructures. On the other hand, theoretical [3, 4] and experimental [5] works on graphene have been reported to deal with the surface chemical modification by oxidation with oxygen and other functional groups [6, 7] yielding the graphene oxide.
In a recent paper Chigo et al [8] investigated boron nitride nanosheets in two different configurations: In the first structure a functionalized group is bonded to boron and in the second the functionalized group is bonded to nitrogen. The functionalized groups are OH, COOH and O atoms in the group epoxy. The results showed the formation of epoxy structures on the surface with the structure displaying high polarity (15.84 and 6.55 D, for the first and second configuration, respectively) and semiconductor behavior.
On the other hand, Sota et al [9] have prepared and characterized films of boron nitride oxide. The experimental characterization has been done using infrared spectroscopy yielding an energy gap in the regime of 5.3 a 5.9 eV with the results depending on the sample oxidation. To understand the electronic properties of materials obtained from boron nitride [10, 11] , in this work we address the problem of the interaction of oxygen with boron nitride sheet. In addition we shall analyze the possible carbon migration into the boron nitride oxide lattice.
Computational Tools
First principles total energy calculations have been performed following the procedure reported in previous works [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . We have applied the density functional theory (DFT) [23] [24] [25] [26] , developed by Kohn during the 1960 decade, as implemented in DMOL 3 quantum chemistry code [27] [28] [29] . The exchange-correlation energy has been treated according to the local density approximation with the Perdew-Wang (PWC) [30] parameterization. The double polarized atomic base has been used to represent the electron states. The base includes the hydrogen p-orbital, carbon, boron, nitrogen and oxygen d-orbitals, which allow performing all-electron calculations to account for the core (DNP) [27] [28] [29] . We have considered multiplicity equal to 1 (singlet) and charge equal to 0 (neutral) for the circular arm-chair cluster with chemical composition B27N27H18+O (Figure 1 ) for all models in our work. Clusters have a diameter of 1.35 nm.
To determine the best functional to be used in our studies we have tested GGA in the PBE parameterization and LDA in the PWC parameterization. The results show negligible differences in the energy gap. Concerning the atomic lattice parameter have not been obtained differences. Therefore, we conclude that the use of either PBE or PWC functional is good for our numerical studies. We choose to work with the LDA (PWC) functional. For the base set we have used a cut radius of 0.40 nm with a self consistent tolerance of 1.0 x 10 -6 Ha. The most stable configurations have been determined applying the minimum energy and positive frequency criteria [31] . Afterwards we calculate bond lengths, dipolar moment, and the energy band gap (ebg). The ebg is obtained as the energy difference between the HOMO and LUMO [32] energies.
To validate the model we have calculated the cohesive energies using the formula
, where n, m, and k label the atoms in the system, in a similar fashion as done for the graphene [7] and gallium nitride [14] Variations on the cohesive energy, energy band gap, and bond lengths for the considered clusters are less than 1%, which indicate that the size does not affect significantly the system properties. We shall mention that the model used in the present work has been previously employed by Chigo [12] to study 2D carbon structures, and the doping of graphene and boron nitride sheets. Similarly it has been invoked to investigate elastic properties of graphene [3] , transport properties [33] , electronic properties of group III-A nitrides nanosheets [15] or nanotubes [34] , the H 2 O adsorption on 2D boron nitride [16] , the doping of the boron nitride sheet with Li and F [17] , and the electronic properties of silicon carbide pure and doped with N [19] .
To explore the possible carbon migration into the BNO lattice we determine the configuration of minimum energy of the following systems: BNO (B 27 N 27 H 18 +O) + C in different atomic geometries ( Figure 3 ) and the doped system when the C atom replaces the B and the N (Figure 4 ).
Results and Discussion

Structure of Boron Nitride Oxide
Using the circular arm-chair model for the BNO sheet we obtain C5 as the most stable structure (Figures 1a-1e ). The resulting structure displays arm-chair chirality in agreement with the theoretical report of Martinez et al [35] , and experimental work of You et al., [36, 37] .This optimized configuration is (quite similar to) the initial geometry, where the O is bonded to the B-N hexagon of the epoxy type (see Table I , and Figs. 1d and 2b), when compared with models C2 and C6 (Figs. 2a and 2c ) they display similar final configurations.
In all analyzed configurations the final geometry displays the structure of the epoxy group in the same side of the surface, except C6 where the epoxy structure is formed in the opposite side of the original orientation, below the BNO lattice (Figure 2c ). The most stable configuration obtained in our studies agrees with for boron nitride oxide reported by Chigo et al. [8] ; however, in this last case the presence of the hydroxyl (OH), carboxyl (COOH), and oxygen induce the formation of the epoxy group. The B-N bond length in the most stable structure remains unaltered with value 1.44 Å (Table II) , in contrast to that of the same oxide with additional functional groups reported in the literature [8] . These functional groups induce the sheet to bend, in addition to be enlarged by a factor of 1.02 (considering the bond length 1.41 Å) as comparison with the graphene oxide [7] ; this in turn indicates that the functional groups in both cases affect the sheet surfaces.
The BNO sheet polarity (3.19 D, Table II) adsorbed on the surface of both graphene oxide and boron nitride oxide, which also produce charge redistribution on the carboxyl and epoxy groups, according to the HOMO and LUMO orbitals [8] . Experimental evidences demonstrate that BN sheets are ionic [38] .
We have obtained that electronic structure of the system agrees well with that reported in the literature, in particular the ebg= 3.64 eV. The BN sheet displays an ebg=4.84 eV, the BNO sheets in the C1 geometry exhibits an ebg=1.2 eV, and in the C2 geometry has an ebg=2.25 eV, according with those reported by Chigo et al., [8] . These electronic characteristics contrast with displayed by the graphene oxide circular sheet, which exhibits a semimetal behavior (ebp=0.42 eV) [7] , suggesting that the oxygen atom might induce changes in the ebg value.
Analysis of the carbon migration into the Boron Nitride Oxide
Sota et al., [9] have reported that during the sample preparation of boron nitride oxide films carbon atoms may be incorporated in the lattice. This fact has motivated the molecular simulation to determine either the carbon migration into the lattice or the adsorption on the surface. Considering the most stable configuration of the BNO, we have studied its interaction with a carbon atom, see Figs. 3a-3e. The results of the total energy indicate that the most stable atomic geometry is C3 as indicated in Table III 
Conclusions
We have presented molecular simulation calculations to study the structural stability of 
